Abstract-NSTX-U research will offer new insights by studying gas assimilation efficiencies for massive gas injection (MGI) from different poloidal locations using identical gas injection systems. In support of this activity, an electromagnetic MGI valve has been built and tested. The valve operates by repelling two conductive disks due to eddy currents induced on them by a rapidly changing magnetic field created by a pancake disk solenoid positioned beneath the circular disk attached to a piston. The current is driven in opposite directions in the two solenoids, which creates a canceling torque when the valve is operated in an ambient magnetic field, as would be required in a tokamak installation. The valve does not use ferromagnetic materials. Results from the operation of the valve, including tests conducted in 1-T external magnetic fields, are described. The pressure rise in the test chamber is measured directly using a fast time response Baratron gauge. At a plenum pressure of just 1.38 MPa (∼200 psig), the valve injects 27 Pa · m 3 (∼200 torr · L) of nitrogen with a pressure rise time of 3 ms.
I. INTRODUCTION

M
ASSIVE gas injection (MGI) is the most developed disruption mitigation system to date and will be implemented on ITER to protect internal ITER components during unplanned tokamak disruptions. NSTX-U research will offer new insights by studying gas assimilation efficiencies for MGI from different poloidal locations using identical gas injection systems. In support of this activity, an electromagnetic MGI valve has been built and tested. The valve operates by repelling a conductive disk due to eddy currents induced on it by a rapidly changing magnetic field created by a pancake disk solenoid positioned beneath the circular disk attached to a piston. The initial valve used a single solenoid, and a single repelling disk. Motivated by the work of Baylor et al. [1] for an ITER test valve, we incorporated a second solenoid and a second conducting disk for valve operation. The current in the second solenoid is opposite in direction to that in the first solenoid. The effect of these oppositely driven currents is to nearly cancel the J × B torque the valve would experience in a magnetic field. The valve has been operated in two different configurations. In the first configuration, the coils are The authors are with the University of Washington, Seattle, WA 98195 USA (e-mail: raman@aa.washington.edu; gplunk19@uw.edu; lay0701@uw.edu).
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Digital Object Identifier 10.1109/TPS.2016.2565658 connected in series so that the same current passes through each solenoid. In the second configuration, both coils are connected in parallel to the power supply. This configuration reduces the total system inductance and the coil current pulse width, but increases the peak power supply current by about a factor of two. Both these operating conditions inject similar amounts of gas with similar gas pressure rise times in the test chamber (27 Pa · m 3 of nitrogen with a 3-ms gas pressure rise time). The valve design and experimental results from MGI valve tests for NSTX-U are described.
II. DESIGN AND OPERATION OF THE VALVE
A. Valve Operating Principle
The valve operating principle is similar to that being considered for the ITER MGI valve. The valve has similarities in design to several valves we built for a compact toroid injector [2] , but draws on design features used in the TEXTOR valve [3] , [4] , and is motivated by the work of Lehnen et al. [5] . The valve operates by repelling a conductive disk due to eddy currents induced on it by a rapidly changing magnetic field created by a pancake disk solenoid positioned beneath a conducting disk connected to a piston. Fig. 1 , which is a drawing of the first version valve, shows the main components of the valve. The primary chamber holds 0093-3813 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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the gas to be injected into the vessel. The bottom part of the piston makes an O-ring seal with the flange that connects to the main vacuum chamber. The top part of the piston has a large flat piston surface and is located in the secondary chamber. The gas pressure in the secondary chamber tends to push the piston against the lower sealing O-ring, while the gas pressure in the primary chamber acts on the area between the O-ring and the outer edge of the orifice and tends to break the O-ring seal by pushing the piston up. Thus, for a given pressure in the primary chamber, the pressure in the secondary chamber can be adjusted so that there is just enough overpressure from the secondary plenum to make a good O-ring seal. As a result, compared with the valve in [2] , the primary advantage is that the requirements on the power supply required to operate this valve are nearly independent of the pressure in the primary chamber. The design has been used on the JET for operation at pressures up to 5 MPa, at which pressure it is capable of delivering 4.9 kPa · m 3 [5] . Because no ferromagnetic materials are used as part of the valve components, it can, in principle, operate in the presence of significant magnetic fields. However, the direction of the magnetic field will induce J × B forces on both the solenoid and the conducting disk, and this needs to be considered both during the valve design and the valve-mounting configuration in a tokamak device.
B. Improvements to the Valve Design
In the earlier designs, the piston slid along two O-rings used to make the sliding seals. Although the valves with the O-ring seals worked well, O-rings have a tendency to flatten when subjected to continuous compression, yet have to make a good seal when the piston moves on a rapid submillisecond time scale. Therefore, these were replaced by Parker u-cup lip seals [6] , which are specifically designed for piston operation. The seal's material is Parker nitroxyl compound. It has several features that are advantageous for this type of arrangement. It is rated for operation at up to 120°C. It is the highest grade seal material available, it is self-lubricated, wear resistant, and has low friction. It is also rated for operation at pressures over 100 atm, making it well suited for this valve design. While the use of a lubricant may not be necessary for this seal, we used a mild coating of Dupont Krytox LVP high-performance O-ring lubricant rated for operation at 300°C. The vapor pressure at 200°C is 1.3 mPa (1 × 10 −5 torr) and at 20°C, it is 1.3 × 10 −11 Pa (1 × 10 −13 torr). On NSTX-U, the valve would operate at normal ambient temperatures, but the valve could be subjected to some bakeout without issues.
As previously noted, an external magnetic field can interact with the currents flowing in the coil and the conducting disk to generate forces that act on these components. The worst case situation is when the external magnetic field is parallel to the surface of the pancake coil or the conducting disk. This generates a J × B torque that has the effect of causing the conducting disk and the piston to tilt. The most recent improvements to the third version of the valve were motivated by the work of Baylor et al. [1] , for the ITER test valve in which a double-solenoid configuration was adopted. The advantage of this configuration is that by driving currents in opposite directions in both coils, the resulting torque on the valve could be made to cancel. Fig. 2 shows the internal components of this new valve. This is the valve design chosen for the NSTX-U installation. A photo of this valve is shown in Fig. 3 . Fig. 4 shows the planned MGI locations on NSTX-U. In location 1, the valve would be oriented so that the dominant toroidal field is perpendicular to the flat surface of the piston. In this arrangement, J × B forces acting on the piston would be in the radial direction and would cancel out so that there is no net torque on the piston or the solenoid. In location 3, the valve would be oriented so that the dominant toroidal field is MGI valve installation locations on NSTX-U. Initially three valves would be installed (shown by locations 1-3). The fourth valve at location 4 is planned for a future installation. These locations are as follows: 1a-private flux region injection, 1b-lower scrape-off-layer and lower diverter injection, 2-conventional mid-plane injection, 3-upper diverter injection, and 4-additional location for further variations in the poloidal gas injection location.
parallel to the piston surface. In this case, the forces acting on the piston would tend to tilt the piston to one side of the valve. The valves in locations 2 and 4 can be configured to assume the piping configuration used for location 1 or 3, to allow a comparison of the poloidal injection location with identical valve setups. The main body of the entire valve measures 13.97 cm (5.5 in) in diameter and is 15.24 cm (6 in) in length. The diameter of the valve orifice is 2.3 cm. It would be initially operated at pressures of about 1.37 MPa (∼10 atm), with plans to increase it to higher levels as the ratings for the NSTX-U gas systems are increased.
III. EXPERIMENTAL RESULTS FROM VALVE OPERATION
A. Valve Circuit Parameters and Operation
Experimental results obtained from the operation of the valve with the single solenoid are described in [7] . Here we report results obtained from the operation of the valve with the double solenoids.
The important initial observation was that adding a second solenoid did not substantially increase the size of the capacitor bank power supply or the operating voltage for injecting the same amount of gas (∼27 Pa · m 3 nitrogen) with similar gas pressure rise times in the 1.3-m 3 test chamber. The primary plenum that has a volume of 270 cc was operated at a pressure of 1.03 MPa and the secondary plenum pressure was 0.34 MPa. Under these conditions, the downward force pushing down on the piston is about 198 N. The pressure in the primary plenum that pushes up on the piston is about 57 N, Table 1.   TABLE I COIL CIRCUIT PARAMETERS so there is a net sealing force of about 141 N. For these tests, the gas in the secondary plenum was also nitrogen.
The double-solenoid valve was also operated with the coils connected in a parallel configuration and a series configuration using a 4.57-m (15 ft)-long extension cable, as would be required for an NSTX-U installation. Including the 3-m (10 ft)-long wire from each coil, the distance from the coil to the power supply for this case is about 7.62 m (25 ft). In this case, for similar amounts of injected gas, the operating voltage was about 700 V for the series configuration and 900 V for the parallel configuration. The current through each coil was 1 kA for the series configuration and about 1.3 kA for the parallel configuration. The total current through the SCR switch for the parallel configuration was therefore about 2.6 kA. The coil current data is shown in Fig. 5 . The slightly higher current through each valve for the parallel configuration is offset by a shorter current pulse width because the system inductance is now reduced. The resulting system inductance and the resistance for each of these cases are listed in Table I . These were measured at 1 and 10 kHz and the actual frequency of the current pulse is about 2.5 kHz. At 1 kHz, the net inductance for the parallel configuration is about 10.3 μH and it increases to 30.6 μH for the series configuration. The inductance of a 3-m-long twisted wire pair cable (14 AWG Strand 19 wire) is just 1.7 μH, which suggests that the extension cable could be much longer because the inductance is largely governed by that of the coils, especially if a series configuration should be adopted.
The advantages of the series configuration are that it guarantees that the same current flows through each coil and the operating voltage is also much lower. If there is not much difference in the valve performance, the series connection would be preferred. The lower current also reduces the J × B torque on the solenoid and conducting disk components of the valve, irrespective of whether this is made worse by the longer duration of the current pulse is something to be considered.
Shown in Fig. 6 are time histories of the gas pressure in the test vessel as the operating voltage is increased from 600 to 699 V, with the coils connected in a series configuration. The test chamber volume is 1.3 m 3 . Hence, at 600 V, the valve injects about 65 torr · L. At 699 V, this value increases to 325 torr · L. Fig. 7 shows similar results but with the coils in a parallel configuration. Again, the different pressure traces represent operation at different voltages. In this case, to inject about 43 Pa · m 3 (325 torr · L), approximately 880 V is required. At a pressure of 1.03 MPa, the gas inventory in the primary plenum is 278 Pa · m 3 (2094 torr · L); thus, about 15% of the gas inventory is injected for these cases.
In tests conducted at the University of Washington, an absolute leak test was not performed. However, before installation on NSTX-U, the valves underwent a He leak check with the primary and secondary chambers maintained at atmospheric pressure. In this case, the net sealing force is about 58 N, which is less than the sealing force the valve would experience during operation. No leaks were detected. In general, increasing the pressure in the secondary plenum requires increased operating voltage, which is dependent on the pressure in the secondary plenum. If the sealing force is decreased by reducing the pressure in the secondary plenum, the gas throughput can increase substantially over the values reported in this paper.
As noted, argon or neon will be used in experiments to be conducted on NSTX-U, but nitrogen has been used for these tests. The sound speed in gases is proportional to the square root of the temperature times the adiabatic gas constant divided by the molecular mass of the gas. At ambient temperature, the speed of sound in nitrogen is 347 m/s. For Ne and Ar, the speeds of sound are 444 and 316 m/s, respectively. Thus, the response of the valve in these gases will vary from those in nitrogen, with a faster response in neon. The initial experiments on NSTX-U will use neon. The valves will be recalibrated for neon using the NSTX-U vessel. As experiments on NSTX-U dictate different gases or a combination of gases, the valves would be recalibrated for those gases ahead of the experimental run days.
B. Valve Operation in a Magnetic Field
These tests were conducted using a slightly modified valve. The size and thickness of the primary seal O-ring were increased so that in case the primary O-ring dislodges from the dovetail O-ring cavity, it cannot pass through the piping that would be used between the valve and the NSTX-U vessel. The pressure in the primary chamber was also increased to 1.38 Mpa (200 psi). Fig. 8 shows the experimental arrangement that was used to perform these tests. The valve is located between two solenoids that are separated from each other by 21 cm. The inductance and resistance of each solenoid are 2 mH and 85 m , respectively. These are connected in series to a 20-mF capacitor bank that is switched using an ignitron. For an operating voltage of 1.1 kV, the current in the solenoid is 2 kA, which generates 1-T fields in the region where the valve is located. The waveform of the external field is shown by the trace labeled as current through the solenoid. The peak in the waveform corresponding to 1 T occurs at t = 8.4 ms. The valve starts to open at t = 10.4 ms. The vacuum field at this time is 0.95 T. Fig. 9 shows gas pressure traces for operation without an external magnetic field and for operation with 1 T field. The coils were connected in a series configuration. The valve operation is not affected by fields of 0.8 T or less. As the field increases to 1 T, there is a 10% reduction of injected gas over the long duration. However, from the fast Baratron signals, it is not clear if there is any change in the short timescale during the first peak in the gas pressure signal. It is not known at this time if this is related to a faster valve closing time at 1-T fields, or if in fact less gas is initially injected. Nevertheless, this small change can be easily compensated for by adjusting the valve operating voltage. Initial experiments on NSTX-U will limit the magnetic field at the valve vicinity to the 1-T level.
The SS316 used for this valve has a resistivity of 72 × 10 −8 · m, resulting in a skin depth of 8 cm for the operating frequency of the solenoid. The valve wall thickness is 1 cm. Thus, the magnetic field should fully penetrate the valve body. The solenoid chamber is fabricated out of Inconel, which has a resistivity twice that of stainless steel, which further increases the skin depth. In an earlier version of the valve, a more conductive form of aluminum (AL 6101-T61) was used for the upper flyer plate shown in green in Fig. 2 , but the current version uses Al 6061-T6 for both flyer plates. This grade of aluminum has an electrical resistivity Fig. 9 . Experimental traces from the operation of the valve with and without the presence of an external magnetic field. Shown are the current pulse duration through the solenoid and the current pulse through the gas valve pancake coils. The gas valve is discharged 10 ms after the solenoid discharge is initiated. Shown are two gas pressure traces for cases in which there was no external magnetic field. Also shown are three gas pressure traces during the presence of a 1-T external magnetic field in a configuration in which the field is parallel to the pancake solenoid surface. of 3.88 × 10 −8 · m, resulting in a skin depth of 1.9 cm. The flyer plate thickness is 0.64 cm, which should result in the background field adequately penetrating the thickness of the flyer plate. At the frequency of the current waveform in the pancake coils, the skin depth in the flyer plate varies from about 0.2 to 0.3 cm.
IV. CONCLUSION
An electromagnetic valve to support NSTX-U MGI experiments has been built and tested. Although neon or argon would be the impurity gas used in NSTX-U disruption mitigation experiments, the valve has been tested using nitrogen gas. The valve has been calibrated for injecting 27 Pa · m 3 of nitrogen, similar to the levels planned for NSTX-U experiments. The gas pressure rise time is about 3 ms, consistent with the gas sound speed for nitrogen gas. The valve for NSTX-U will use a double-solenoid configuration. This has the benefit of nearly canceling the J × B torque that acts on the valve when it is operated in an ambient magnetic field. The valve has been tested in ambient magnetic fields up to 1 T and found to operate well at these fields.
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